Materials at the micrometer and submicrometer scale exhibit mechanical properties that are substantially different from bulk materials. With the increasing miniaturization of devices, an accurate characterization of micro/nanoscale materials is necessary to ensure their reliability and performance. Precise characterization is also essential for a fundamental understanding of mechanisms that govern size dependent material responses. In this paper we review methods for uniaxial mechanical testing, which directly provides mechanical properties without an apriori model, for micro/nanoscale materials with an emphasis on in situ testing. We outline the challenges involved in imposing pure uniaxial deformation on micro/nanoscale specimens and detail strategies (self aligning mechanisms, for example) that ensure a uniform stress state in the specimens, a critical criterion for uniaxial test.
INTRODUCTION
With the expanding applications of small scale mechanical systems such as MEMS, NEMS, and bio-MEMS, mechanical behavior of micro/nanoscale materials have become increasingly relevant. But because of the size dependence of material behavior, bulk material properties cannot be directly extrapolated to micro and nanoscale. The differences in the mechanical behavior of macro and micro/nanoscale specimens arise primarily due to the changes in the deformation mechanisms. Investigations have revealed several unconventional mechanisms, especially in the plastic deformation of metals, at the micro and nanoscale. Some prominent examples include dislocation channeling in thin metal films on substrates, 1 dislocation starvation 2 and dislocation nucleation/escape 3 in submicron single crystal specimens. In addition, reduction in microstructural size leads to unusual properties * Author to whom correspondence should be addressed.
such as plastic strain recovery irrespective of specimen size. 4 5 In order to explore the size dependent material properties, several methods such as resonance test, bending test, bulge test, nanoindentation test, and uniaxial test have been proposed. A detailed review of these methods can be found elsewhere. [6] [7] [8] Among the various material testing methods, one of the unique advantages of uniaxial tension and compression tests is that they provide a direct measure of mechanical properties such as Young's modulus without any apriori model. However, carrying out uniaxial tests at the micro/nanoscale involves several challenges including: (1) fabrication and handling of a free-standing specimen, (2) application of small forces, (3) high resolution for stress and strain measurements, (4) gripping of the samples, and (5) uniaxiality of loading. Ruud et al. 9 and Sharpe et al. 10 overcame these challenges by using macro-scale instruments to apply load on microscale samples. However, the large size of their instruments precluded in situ mechanical testing in analytical chambers such as scanning or transmission electron microscopes (SEM or TEM). In situ testing is especially attractive for micro/nanoscale samples because one can monitor the overall macroscopic response while simultaneously observing the underlying deformation mechanisms and thus establish the structure-property relationship. In this review we give special attention to such in situ uniaxial mechanical testing of micro/nanoscale materials in SEM/TEM. For in situ testing of nanoscale thin films in SEM/TEM, Haque et al. 11 developed a MEMS based uniaxial testing stage. In their MEMS stage, tensile force is applied on the specimen by imposing a displacement at one end of the stage using a piezoactuator while the other end is held fixed. The stress-strain response is monitored by taking a series of in situ SEM or TEM images. Using the stage, Haque et al. observed reduced elastic modulus, nonlinear elasticity, lack of work hardening, and low failure strain in aluminum and gold thin films with average grain size < 50 nm. 11 Zhu et al. 12 studied size dependent mechanical response of nanowires in TEM, also using a MEMS testing platform. In this case, load is induced by a comb drive electrostatic actuator or an in-plane thermal actuator and measured by integrated capacitors. This MEMS stage was used by Agrawal et al. 13 to study fracture properties of ZnO nanowires. They found that the fracture strains of these nanowires are about five times larger than those of bulk or thin film ZnO. Kiener et al.
14 carried out tensile testing of miniaturized single crystal copper specimens in an SEM to study size-dependent crystal plasticity. They used a tungsten grip to apply deformation on dog-bone shaped samples and observed an increase of the flow stress with decreasing diameter. The dog-bone shaped samples and the tungsten grip were both fabricated by focused ion beam milling.
For in situ compression of material samples in SEM, Uchic et al. 15 16 developed a micropillar compression test. The material sample, a circular micropillar, is fabricated by focused ion beam (FIB) milling and loaded by a nanoindenter with a flat diamond tip. The stress-strain response is directly obtained from the nanoindenter. By employing this method, a substantial increase in flow stress for single crystal gold micropillars was observed. 17 18 The authors argued that the observed hardening in the submicron scale samples is due to dislocation starvation whereby dislocations rapidly leave the sample before multiplication can occur. Thus, further plastic deformation requires nucleation of new dislocations leading to an increase in flow stress. While FIB milling is one of the most commonly used methods for sample fabrication in these micropillar compression tests, the high energy ion bombardment results in implantation of gallium ion, formation of an amorphous layer, and surface roughening which may alter material responses. 19 Therefore, precautions must be taken when interpreting stress-strain data from samples prepared by FIB milling.
CHALLENGES IN UNIAXIAL TESTING AT MICRO/NANOSCALE
One of the key requirements for uniaxial tests is the alignment between the sample axis and loading direction to ensure uniform stress across the sample cross section. Off-axis loading strongly influences the stress state of micro/nanoscale samples and can lead to large errors in data interpretation even when the deformation is within the elastic regime. 20 21 To explore possible sources of misalignment and their influence, Kang and Saif 20 considered the representative loading scenarios for uniaxial tests ( Fig. 1) : (a) ideal uniaxial loading, (b) transverse misalignment, and (c) rotational misalignment. The sample is held at the ends by the rigid frames of a loading stage. The frame on the right moves horizontally to apply load on the sample while the left frame is fixed. The normal stress at any point of specimen cross-section due to loading, f , is
where U , B are the uniaxial and bending stress, respectively. A, M, y, and I are the cross-sectional area, bending moment, vertical coordinate of the point from its neutral axis, and moment of inertia. To quantify the non-uniform stress in the specimen, a non-uniform stress error m is defined as
(c) where U and B are strains due to U and B , respectively. Because strain measurement is usually available at the surfaces of the specimen, B and B at the top or bottom of the sample are considered. For transverse misalignment ( Fig. 1(b) ) where the sample is subjected to a load f with eccentricity c due to the asymmetric gripping of the sample, the non-uniform stress error
where f * and x * are normalized loading and normalized distance along the undeformed sample (see (Ref. [20] ) for details). Note that the magnitude of the non-uniform stress error is 6c/h in Eq. (3). For macroscale samples, the magnitude is likely to be 1 due to the large sample dimensions and high precision of the loading frame. However, it is highly challenging to achieve a very small c/h ratio for micro and nanoscale samples. Hence, misalignment error must be considered for the interpretation of load deformation data. For example, a seemingly small misalignment c/h = 0 1 can result in 150% error in elastic modulus measurement. 20 Rotational misalignment may arise during placement of the sample, for instance nanowires, on the loading stage. A small rotational misalignment o with respect to the loading axis is shown in Figure 1(c) . In Ref. [20] , it is analytically shown that uniform stress along gauge length can be achieved for nanowire samples with the radius to length ratio 0 1. However, substantial increase of the maximum magnitude of m near the glued boundaries (e.g., by metal deposition 12 ) is observed which must be properly considered for measurement of fracture strength.
IN SITU MECHANICAL TESTING AT MICRO/NANOSCALE
The MEMS stage developed by Haque et al. 11 for thin films included an active self-aligning mechanism to ensure uniaxial loading. They suppressed the effect of misalignment errors by cofabricating the stage and the sample and introducing U-beams and support beams that automatically align the sample with the loading direction. This self-aligning mechanism reduced misalignment errors by 6 orders of magnitude (18 loading alignment error is reduced to 1 33 × 10 −5 degrees misalignment at the grips 22 ). Because the typical ratio of thickness to length of their film specimens is of the order 10 −3 , uniaxial loading is guaranteed even with transverse (refer Eq. (3)) or rotational misalignment (see 20 ) at the grips. Following the work of Haque et al., 11 Han and Saif developed a simpler procedure, 23 consisting of fewer lithography and etching steps, to fabricate MEMS tensile testing stages (Fig. 2) measuring the electrical properties of thin film samples. 24 Utilizing these stages Rajagopalan et al. 4 showed that nanocrystalline metal films (grain size 50-100 nm) recover a substantial portion of their plastic strain after deformation. They explained this unexpected recovery in terms of inhomogeneous deformation caused by the interplay between microstructural size and heterogeneity at the nanoscale. 25 In situ XRD experiments on bulk nanocrystalline aluminum specimens have confirmed that this unusual strain recovery is intrinsic to microstructurally heterogeneous nanocrystalline metals, irrespective of their geometry and dimension. Further evidence of the effect of microstructural heterogeneity at the nanoscale has come from the observation of an unusual Bauschinger effect in unpassivated thin metal films. 26 27 Through in situ TEM straining experiments using MEMS stages, Rajagopalan et al. 28 showed that this phenomenon is caused by the heterogeneous microstructure of the thin films-large/favorably oriented grains deform plastically whereas smaller grains deform elastically during loading. This results in a highly inhomogeneous stress distribution which leads to reverse plasticity in the large grains during unloading and consequently an early Bauschinger effect. In these experiments, a direct link between the microstructural changes and the macroscopic behavior could be established since the MEMS stages allow stress-strain measurements during in situ straining. The ability to identify such structure-property relationships is one of the most useful features of MEMS based in situ testing techniques.
While the above mentioned MEMS based uniaxial testing methods 11 23 have many advantages, the method is restricted to thin film materials that can be cofabricated with the loading stage. Hence it limits the choice of materials and sample geometries that can be tested. To overcome this limitation, Kang and Saif 20 21 developed a novel MEMS uniaxial testing stage and specimen design for measuring the mechanical response of micro/nanoscale samples. The stage adopts an assembly approach, where specimens are fabricated independently, allowing the testing of a variety of materials. The assembly approach, however, involves intrinsic challenges in achieving pure uniaxial loading since any irregularity in topography due to tapering, asperity, or debris either on the sample or the stage alters the point of contact between them and hence results in off-axis loading. For example, up to 50% error in the measurement of the elastic modulus of single crystal silicon samples occurs due to off-axis loading. 21 The MEMS testing platform developed by Kang and Saif 21 uses a hinge-like self-aligning mechanism both in the stage as well as the specimen to achieve uniaxial loading even with the intrinsic misalignment. The self-aligning mechanism in the stage comprises of U-springs and support beams as in Refs. [11, 23] . The schematic of a selfaligning sample is shown in Figure 3 . Two design criteria for the self-aligning samples are (i) cross-sectional area of hinged beams is larger than that of gauge length so that the mean stress in the self-aligning beams is smaller than that in the specimen and (ii) the bending stiffness of the self-aligning beams is much smaller than that of the specimen in the desired direction so that the self-aligning beams behave as hinges. Kang and Saif 21 experimentally demonstrated that the bending strain due to any misalignment is limited to within 1% of the average strain by using the proposed stage and hinged sample. 
CONCLUSION AND FUTURE PERSPECTIVE
The emergence of small scale technologies such as MEMS, NEMS, and bio-MEMS requires reliable prediction of material responses at the micro/nanoscale. As we have outlined, several novel methodologies have been proposed for accurate measurement of size dependent mechanical response. While each of these methodologies have their advantages and limitations, in situ uniaxial mechanical testing is unique in its capability for direct observation of deformation mechanisms, while requiring no apriori model for data interpretation. However, achieving uniaxial loading at the micro/nanoscale is challenging due to the small size of the test sample and limited precision of gripping mechanisms. Prevention of off-axis loading, through self aligning mechanisms, is necessary to fully exploit the unique advantages of uniaxial testing. In Situ Uniaxial Mechanical Testing of Small Scale Materials-A Review frequently lie within coupled domains as they are often used as actuators and sensors. Furthermore, they may be subjected to high temperatures in automobile, aerospace, and power plant applications. The electromechanical properties of materials at small scales are expected to be highly temperature dependent, even more than those of their bulk counterparts. Development of in situ testing methods for small scale materials at elevated temperatures will greatly enable the application of MEMS and NEMS in harsh environments. Similarly, methods to simultaneously measure the coupled mechanical, electrical and thermal properties of micro/nanoscale materials will lead to MEMS/NEMS sensors and actuators with enhanced performance and reliability.
